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INTSOEUCTION 
Methods of biochemical and genetic analyses were long 
believed to be Inapplicable to microorganisms in general, and 
to bacteria in particular. The small size of bacteria made 
them unsuitable for cytological studies. Because of their low 
degree of organization, no distinction between genotype and 
phenotype could be established. Consequently, it was long 
believed that the differences, both genetic and physiological, 
between higher organisms and microorganisms were of a funda­
mental nature, and that the laws valid for the former could 
not be applied to the latter. Because of their small size 
and rapid growth, bacteria quickly produce an enormous 
population in a very small volume of culture medium. These 
conditions are highly favorable for the appearance of variant 
forms and their study. Therefore, the very characters that 
originally seemed to exclude biochemical and genetic analyses 
of bacteria, in fact, make them the objects of choice for the 
study of variation, and it was from such studies that 
bacterial genetics was born. 
It has been shown that biochemical mutants deficient in 
their ability to synthesize essential metabolites have each 
lost a function under the control of a specific genetic 
determinant. The Interruption, at a definite point, of the 
chain of reactions leading to the biosynthesis of a specific 
essential metabolite is related to the absence of a specific 
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enzyme. Consequently, there is a olose relationship between 
genes and enzymes, eaoh gene determining the amino acid 
sequence of a particular enzyme. Problems of genetic control 
of enzyme synthesis are not, of course, confined to micro­
organisms. There is no reason to believe that most of the 
basic mechanisms Involved do not apply universally to living 
systems. However, because of their ease of manipulation, 
and, particularly, because of their suitability for fine 
structure genetic analysis, microorganisms, at present, almost 
monopolize research in this area of biochemical genetics. 
This study is concerned with the genetics and biosyn­
thesis of isoleucine, valine and leucine, in Staphylococcus 
aureus. aureus was chosen for this study because it is a 
pathogen of man and animals, unlike most previous experimental 
material used in the study of biochemical genetics. Further­
more, the necessary techniques for biochemical and genetic 
studies in this bacterium were available. Initially, the bio­
synthesis of isoleucine and valine, and the genetic control of 
the process was chosen for study. However, because of the 
close relationship of these pathways to the leucine biosyn-
thetic pathway, it became necessary to broaden the scope of 
this study to include the effect of this amino acid as well. 
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LITERATURE REVIEW 
One of the basio questions that investigators in the 
field of genetics seek to answer is that of gene function, 
i.e.; how do genes control the properties of living cells 
and of complex, multicellular organsims? Prior to 1941, 
most investigators in the field of genetics concerned them­
selves with the genetic control of rather gross properties, 
such as wing shape in Drosophila, or the formation of conidia 
by Ascomycetes, Phenotypic traits were regarded simply as 
convenient genetic markers, because these investigators were 
primarily interested in studying genes as units of mutation 
and of recombination. However, a few investigators did exam­
ine the effect of gene mutation on discrete chemical activi­
ties of the cell and recognized that some genes have as their 
functions the governing of the activity of specific enzymes. 
For example, the earliest clear formulation of the concepts of 
biochemical genetics was made by the British physician. Sir 
Archibald Garrod, In 19O8, as a result of his studies on cer­
tain hereditary errors of human metabolism (Hayes, 1964). He 
pointed out that in man the enzymes concerned with the degra­
dation of the aromatic amino acids tyrosine and phenylalanine 
are under genetic control and that a gene mutation is re­
sponsible for the failure of one of these enzymes in the con­
genital diseases alkaptonuria and phenylketonuria (the cause 
of mental retardation in children). In subsequent years the 
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relationship between genetics and biochemistry became In­
creasingly apparent. 
Another early example of the effect of gene mutation on 
discrete chemical activities of the cell resulted from the 
studies of Beadle and Taturn (1941). In their studies with 
Drosophila, they succeeded in relating eye-color changes to 
mutationally produced blocks in the biosynthesis of eye pig­
ments, Though their experimental system was limited, from the 
results of their studies they hypothesized that genes control 
phenotypic properties by governing the formation of the enzymes 
of the metabolic pathways of eye pigments. They proposed that 
each of the constituents of the cell is synthesized by a 
series of biosynthetlc reactions and that each enzyme in the 
series is under the control of a single gene. If this were 
true, they reasoned, it should be possible to induce mutations, 
any one of which result in the failure of production of certain 
enzymes, thereby blocking that particular biosynthetlc pathway. 
In the case of microorganisms, if the end product of the 
blocked pathway could be supplied in the growth medium, then 
the mutant would be able to grow but would have a growth-fact or 
requirement not shared by the wild-type. To prove this hypo­
thesis, Beadle and Tatum (1941) performed a series of experi­
ments on the biosynthetlc pathway of the amino acid arglnine in 
Neurospora erassa. They chose Neurospora as their new experi­
mental organism for two reasons: first. Its life cycle and 
genetics had been sufficiently studied so that any mutations 
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produced in it could be readily mapped on the chromosomes, and 
second; Neurospora was known to grow on a simple medium con­
taining a few inorganic salts together with a sugar as the 
carbon source. Following treatment of wild-type Neurospora 
with various mutagens, several thousand isolates were tested 
for their ability to grow on a nutritionally complete medium 
but not on a synthetic minimal medium adjusted, for growth of 
wild-type Neurospora, Large"numbers of mutants were isolated 
which were found to require one or another of almost every 
naturally occurring amino acid, vitamin, purine, and pyrimidine, 
as well as several new compounds previously not suspected to 
be essential for growth. Genetic analysis revealed in every 
case that a single gene had mutated, and in every case the 
nutritional deficiency could be ascribed to a specific block 
in a biosynthetic pathway. After determining the nature of the 
blocked reaction in a mutant, it became possible to compare 
mutant and wild-type for the presence of a particular enzyme. 
In every mutant a single enzyme present in the wild-type was 
found to be either lost or altered as a result of the single 
gene mutation. The work of Beadle and Tatum was extended to 
other microorganisms, particularly bacteria, and in a broad 
sense the "one gene-one enzyme" concept was substantiated. 
This relationship is not restricted to enzymes of biosyn­
thetic pathways. In the early studies of Garrod In I908 
(Hayes, 1964) and the early studies of Beadle and Tatum (19^1), 
it is pointed out that it should also be possible to screen 
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for mutants blocked in degradatlve pathways. 
Most of the nutritional mutants isolated from Neurospora 
were found to have requirements for single growth factors and 
clearly supported the concept that each gene controls the 
production of only one enzyme. In contrast, as the survey of 
various metabolic pathways in microorganisms continued, several 
classes of mutants were Isolated which required more than one 
amino acid for growth although in each instance genetic analy­
sis showed that the mutation involved only a single gene 
(Taturn et al., 195^)» The occurrence of this kind of compli­
cation with respect to the one gene-one enzyme hypothesis may 
be exemplified by two classes of mutants, one class having a 
requirement for more than one amino acid of the aromatic series, 
and the other class requiring both isoleucine and valine. 
Several mutants of Neurospora (Tatum et al», 195^) and 
Escherichia coli (Davis, 1955) have been isolated which require 
more than one, and even all, of the aromatic amino acids 
(tyrosine, phenylalanine, and tryptophan) for growth. The 
reason for this requirement became apparent when it was found 
that shikimic acid alone would promote the growth of a number 
of these polyauxotrophic mutants. It was later shown that 
shikimic acid is a common precursor of all the aromatic amino 
acids, and therefore satisfies the requirements of those poly­
auxotrophic mutants in which the genetic block prevents the 
synthesis of shikimic acid. Mutants of bacteria blocked later 
in the sequence may accumulate shikimic acid in the culture 
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medium. 
The introduction of auxotrophic mutants of Neurospora 
o ras sa by Beadle and Tatum provided the "breakthrough that 
initiated systematic efforts to define blosynthetic pathways. 
Interest in the biosynthesis of valine and isoleuclne in­
creased when Bonner e^ al. (1944) described a mutant of 
Neurospora requiring both of these amino acids. The biosyn-
theses of isoleuclne and valine proceed, for the final four 
steps, along different but parallel pathways as shown in 
Pig. 1. Valine originates from pyruvic acid while isoleuclne 
is derived from a condensation of alpha-ketobutyrio acid and 
pyruvic acid (Adelberg, 1953). Using a number of mutants of 
N. crassa and E. coll, these pathways were determined by 
auxanography, chromatographic characterization of accumula­
tions, enzymatic studies, and the use of isotcplcally labelled 
substrates and intermediates. A peculiarity of most of these 
mutants was the fact that they had a joint requirement for 
both isoleuclne and valine, supplied in a particular ratio 
(3:7), for optimal growth, although the mutants were shown to 
arise from alterations of a single gene. If the concentration 
of either one of the two required amino acids was increased or 
decreased, growth decreased until complete inhibition was 
reached when either amino acid was present at a concentration 
lOX that of the other. Both amino acids are therefore 
necessary for growth but display competitive inhibition when 
either is present in excess. 
L-Leucine 
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FIG, 1. Pathway of biosynthesis of isoleuolne, valine and leucine (Preundlich et 
al,, 1962, and Burns et al,, 1966). Enzyme 1 = L-threonine deaminase; enzyme 2 = 
«sC-keto-;^-hydroxy aoid reductase; enzyme 3 = <Q-hydroxy-^-keto acid reductoisomerase; 
enzyme 4 = X-ô-dihydroxy aoid dehydrase; enzyme 5 = Transaminase; enzyme 6 = isopro-
pylmalate synthetase; enzyme 7 = isopropylmalate isomerase; enzyme 8 = «{-hydroxy^-
carboxyisooaproate decarboxylase; enzyme 9 = Transaminase, r 
00 
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One possible explanation of the double requirement is 
that it could be a direct consequence of competitive inhibi­
tion between exogenous supplies of isoleucine and valine; for 
example, the mutant could really have a simple requirement for 
valine, but exogenous valine is, by itself, inhibitory. This 
was ruled out by the discovery of some mutants which require 
only isoleucine, or only valine, for growth although an excess 
of the non-required amino acid is still repressive (XJmbarger 
and Mueller, 1950). A second possibility was suggested by 
Bonner (1951) to account for the double requirement of a 
Neurospora mutant blocked between the last intermediate of the 
Isoleucine pathway, alpha-keto-beta-methylvalerate, and isoleu­
cine. In this strain it could be shown that only the conver­
sion of alpha-keto-beta-methylvalerate to isoleucine, and not 
that of alpha-keto-isovalerate (the last intermediate of the 
valine pathway) to valine, was arrested so that the double re­
quirement could not be due to a genetic block in a single 
pathway common to both amino acids. It was therefore postu­
lated that the alpha-keto-beta-methyIvalerate accumulating 
behind the block in the isoleucine pathway competes with ajpha-
keto-isovalerate for the enzyme converting alpha-keto-iso­
valerate to valine, thus effectively repressing the analogous 
step in the valine pathway. 
Although such a mechanism may well operate in other 
pathwaysj it has been shown by Adelberg (1955) that it is not 
true for mutants requiring isoleucine and valine, at least in 
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the case of E. coll. The final conversion of both keto-aicids 
to their respective amino acids is by transamination. A trans­
aminase has been extracted from wild-type E. coli which cataly­
ses amino transfer involving the amino acids isoleucine, valine, 
leucine, norleucine, norvaline and glutamic acid. This enzyme 
is completely absent from mutants blocked in the last reactions 
of the valine and isoleucine pathways. It seems likely that 
this is a single enzyme which operates in the formation of both 
amino acids so that its absence explains how the double require­
ments Sternefrom a single mutation. However, a transaminase, 
which catalyzses the reaction from alpha-ketoisovaleric acid to 
valine, with alanine or alpha-aminobutyric acid serving as the 
amino group donor, has been extracted from the parent and a 
mutant strain of E. coli. so that a limited amount of valine 
is permitted. By means of ultraviolet irradiation and peni­
cillin counters-election, Adelberg and TJmbarger (1953) obtained 
a secondary mutant from one of the isoleucine-valine-requiring 
mutants of E. coli. This mutant yielded a A—to 5-fold increase 
in valine-alanine transaminase activity which was accompanied 
by the capacity to grow maximally on isoleucine alone. Syn-
trophism occurring between this isoleucine-dependent mutant 
and an Isoleucine-valine-dependent mutant was explained. This 
isoleucine-dependent mutant accumulated alpha-keto-betaaBthyl-
valeric acid and alpha-keto-isovaleric acid, the keto analogues 
of isoleucine and valine, respectively. These accumulations 
of the isoleucine-dependent mutant accounted for the 
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observed syntrophlsm between this mutant and an isoleuclne-
valine-dependent mutant blocked at one of the earlier reac­
tions (reactions 2, 3, or 4, Pig, 1). A comparable state of 
affairs has been reported in Salmonella tvphimurium by Wagner 
and Bergquist (i960). 
The biosynthetic enzyme threonine deaminase, which cata­
lyzes the first specific step in the biosynthesis of isoleu-
cine, was one of the first examples of feed-back inhibition to 
. be analyzed directly at the enzyme level. As discovered by 
Umbarger (1956) and Umbarger and Brown (1957), isoleuclne, one 
of the end products of the pathway, strongly inhibits the 
activity of this enzyme. Changeux (I96I) presented evidence 
that the inhibition of threonine deaminase by isoleuclne is 
not due to competition at the active site between substrate 
and the inhibitor, but that there must be at least two differ­
ent, mutually interacting types of sites. "The enzyme mole­
cule is assumed to possess at least two binding sites for the 
substrate, L-threonlne. Indirect interactions occur between 
these sites in the sense that binding of the substrate mole­
cule at one of the sites increases the affinity of the other 
site for substrate. In addition, the enzyme is assumed to 
bear at least two sites able to bind L-isoleuclne. Binding of 
isoleuclne at its site is assumed to decrease the affinity of 
the active site for threonine. Further, the enzyme is supposed 
to bear a third type of site characterized by its ability to 
bind L-valine. Binding at this site is assumed to increase 
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the affinity of the enzyme for the substrate" (Changeux, 1963). 
Armstrong and Wagner (196I) described an alpha-keto-beta-
hydroxy acid reductase in Neurospora erassa that catalyzed the 
reduction of pyruvic acid to alpha-acetolactate and alpha-
keto-butyric acid to alpha-aceto hydroxybutyrate. Further 
studies reveal an enzyme that catalyzed a single step conver­
sion of alpha-acetolactate to alpha-beta-dihydroxyisovalerate, 
and alpha-acetohydroxybutyrate to alpha-beta-dihydroxy-beta­
me thylvalera te. This enzyme was called an alpha-hydroxy-beta-
keto acid reductoisomerase. 
Leavitt and Umbarger (I96I) isolated mutants of E» coli 
K 12 that were doubly auxotrophic for isoleuclne and valine. 
The situation was analagous to other organisms that had been 
studied. Loss of an enzymatic step in the Isoleuclne pathway 
was accompanied by a loss of the corresponding step in the 
valine pathway, 
Preundlloh, Burns and Umbarger (1962) reported a study 
of the isoleuclne, valine and leucine pathways in Salmonella 
typhimurlum strain LT-2, They showed that the isoleuclne and 
valine pathways are parallel in this organism, and that the 
leucine pathway branches from the fourth step of the valine 
pathway. Three new enzymes were added to ones previously 
described. Threonine deaminase, previously described by 
Umbarger (1956), is involved only in the formation of isoleu­
clne. Dihydroxy-acld dehydrase is necessary for step 4 (Fig. 
1) in the conversion of alpha-keto-beta-dihydroxylsovalerate 
13 
and alpha-keto-beta-dihydroxy-beta-methylvalerate to alpha-
ketoisovalerate and alpha-keto-beta-methylvalerate to respec­
tively. A transaminase is necessary for the conversion of 
alpha-ketoisovalerate and alpha-keto-beta-methylvalerate to 
valine and isoleuoine respectively# A transaminase is also 
necessary for the conversion of the last intermediate (alpha-
ketoisocaproate) of the leucine pathway to leucine. An alpha-
hydroxy-beta-oarboxyisocaproate decarboxylase (reaction 8, 
Pig. 1) is required solely for the synthesis of leucine. It 
converts alpha-hydroxy-beta-carboxyisocaproate to alpha-keto-
isocaproate. 
Repression of enzyme synthesis poses a serious problem in 
metabolic sequences where a number of end products are derived 
from a common precursor. In such situations, overproduction 
of one of the end products could conceivably lead to the 
curtailment of the formation of the common intermediate, thus 
blocking the synthesis of the other essential metabolites, 
Stadtman et al. (196I) proposed the production of multiple 
enzymes which catalyze the formation of the common inter­
mediate in the case of the methionine pathway. The synthesis 
of each enzyme is subject to control specifically by its 
respective end product. However, in the isoleuoine-valine 
pathways, each of the last four enzymes (Pig. 1, enzymes 2-5) 
forms intermediates leading to both isoleuoine and valine. 
Purthermore, three of these enzymes (Pig. 1, enzymes 2-4) are 
required to produce an intermediate common to valine and 
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leuoine. Therefore, each of these enzymes supplies two dif­
ferent intermediates for three ultimate end products, namely, 
isoleucine, valine, and leucine. Kinetic data from enzyme 
studies and the occurrence of single-step mutants lacking 
enzymatic activity support the contention that single enzymes 
catalyze the reactions. 
The term "multi-valent repression" was coined by Preund-
llch. Burns, and Umbarger (1962) to describe the ability of 
isoleucine, valine and leucine to repress the synthesis of the 
enzymes of the isoleucine-valine pathway, Recently, Armstrong 
and Wagner (1963) have presented additional data indicating 
that threonine, a precursor of isoleucine, is required In addi­
tion to valine, isoleucine, and leucine to repress maximally 
the synthesis of the reductolsomerase responsible for step 3 
(Fig. 1) of the valine and isoleucine pathways in Salmonella 
typhimurium IT-2. 
Glanvllle and Demerec (i960) found that the isoleucine-
vallne-dependent mutants of S, typhimurium could be divided 
into four linkage groups on the basis of growth requirements 
and complementation tests. Two-point linkage experiments 
showed that the four Isoleucine-valine loci controlling the 
enzymes were olosely linked and arranged in the same sequence 
as the four steps of the pathway. 
Wagner and Bergquist (i960) could not demonstrate the 
formation of the free intermediates alpha-keto-beta-dlhydroxy-
beta-methy1valeric acid, and alpha-keto-beta-dlhydroxylso-
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valerio aold (Pig. 1) In Neurospora orassa. This also was the 
case in the studies of Hadhakrishnan e;t al,, (i960) using E, 
ooli. The enzyme required to act on the intermediates is a 
reduotoisomerase. 
Aoetohydroxy acid synthetase (also called alpha-keto-
beta-hydroxy aold reductase by some authors), which catalyzes 
step 2 (Fig. 1) of the isoleucine and valine pathways, has 
been studied in extracts of S, typhimurium by Bauerle et al. 
(1964). Required for enzyme activity are thiamine pyrophos­
phate, Mg"^ and an unidentified factor which can be supplied 
by boiled extracts of Salmonella or yeast. The activity of 
the enzyme is inhibited by valine and a group of related cm-
pounds, e.g., isoleucine, threonine, and methionine. The 
activity of the enzyme is not inhibited by leucine, isovaleric 
acid or norvaline. Valine Inhibition is non-competitive with 
respect to pyruvic acid and thiamine pyrophosphate, and is 
strictly dependent on pH. Inhibition is greatest at pH 8, 
which is also the optimal pH for activity, and is non-ex­
istent at values less than 6,5. The sensitivity of the enzyme 
to valine can be removed by heat, mercury or urea treatments. 
Glutathione is effective in restoring valine sensitivity of 
the mercury-treated enzyme. The same situation occurs in E. 
ooli strains W and K-12 (Leavitt and Umbarger, I962). 
Recently, isoleucine-valine mutants of Pseudomonas 
aeruginosa were Investigated by Pearce and Loutit (1965) to 
determine whether the pathway is the same as in other genera. 
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and also to determine whether the pathway is controlled by a 
closely linked sequence of genes as has been demonstrated in 
S, typhimurium. Among the mutants isolated, one was found to 
respond to valine alone and did not require exogenous isoleu-
olne. The explanation for this type of auxotroph has been 
previously stated. 
In the isoleucine-valine pathway a cluster of at least 
four genes have been ordered with respect to one another, but 
the sequence had not previously been oriented with regard to 
other loci on the linkage map of S., typhimurium» Roth and 
Sanderson (I966) have determined the orientation of the iso­
le ucine- valine markers with respect to the histidlne operon 
in S. typhimurium. It was determined to be analogous with E. 
coll. 
The biosynthesis of leucine has been investigated only to 
a small degree. A genetic analysis of this blosynthetic path­
way by Margolin (I962), together with the Identification of 
the enzymes and intermediates involved in the pathway (Gross 
e^ al., 1962; Jungwirth et al., I96I) led to the concept that 
four "genes" specify the structure of the three enzymes cata­
lyzing the conversion of alpha-ketolsovalerate and aoetate to 
alpha-ketolsocaproic acid and carbon dioxide (Burns et al.. 
1966). The initial reaction leading to leucine biosynthesis 
involves alpha-ketoisovalerate, an intermediate in the valine 
pathway (Preundlich et al., 1962). Jungwirth et. §!• (1963) 
found leucine auxotrophs of Salmonella typhimurium that were 
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blooked in tbe initial step in leucine biosynthesis and, 
therefore, were unable to convert alpha-ketolsovalerate to any 
leucine precursor (see Pig. 1). Mutants in clstron 1 were 
unable to condense alpha-ketolsovalerate and the acetyl group 
of acetyl coenzyme A to form alpha-isopropyImalate, the first 
Intermediate of the leucine pathway. Gross, Burns, and 
Umbarger, in 1963, demonstrated that leucine requiring strains 
of S, typhimurlum with lesions In cistrons III or IV are 
unable to effect the isomerization of alpha- and beta-iso­
propy Imala te . Extracts obtained from leucine auxotrophs with 
lesions In clstron II are unable to convert beta-lsopropyl-
malate to alpha-ketoisocaproateé 
Enzymes of the leucine pathway appear to be represses by 
leucine only (Burns et al.. I966); in contrast to this, valine, 
isoleuclne, and leucine are required for the repression of the 
enzymes necessary for isoleuclne and valine biosynthesis. 
Transduction in Staphylococcus aureus was first reported 
in 1958 by Eltz and Baldwin (I96I). These workers demonstrated 
that several phages of the International Typing Series were 
capable of transducing the capacity to produce penicillinase 
among several strains of S, aureus. Eltz and Baldwin (1962) 
examined the genetic relationship among ten tryptophan-depend-
ent mutants of S. aureus using transduction techniques. They 
constructed a chromosome map of two different functional link­
age groups, closely linked to each other. The B locus was 
apparently concerned with production of indole, and the A locus 
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with the conversion of indole to tryptophan. A mutation in 
either of the two loci was manifested in an alteration of the 
function in which the particular gene was involved, 
Kloos and Pattee (1965a) performed an analysis of the 
Pauly-positive intermediates of L-hlstldine biosynthesis 
accumulated by mutants of S. aureus. Histldine-dependent mu­
tants of S, tvphimurium which bad been previously character­
ized provided a source of known intermediates for chromatogra­
phy. Mutants of S^. aureus were differentiated into six bio­
chemical groups on the basis of their accumulations. Using 
transduction by phage 83 for the genetic analysis, (Kloos and 
Pattee, 1965b) a genetic map was constructed which showed the 
sequence of loci in the hlstldine operon of S. aureus to be 
E, A, B, Ç, D, G. This order of loci in S. aureus was shown 
to be identical to the order of loci in the hlstldine operon 
of S, typhlmurlum. 
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MATERIALS AND METHODS 
Media 
This study made use of a variety of media whioh included 
brain heart infusion (BHI, Difoo) agar, trypticase soy agar 
TSA, Baltimore Biological Laboratory), P and D broth (nutri­
ent broth containing 0,2^% K2HPO/J, and 0,2.% dextrose), P and D 
agar and soft agar (P and D broth containing 1»5 and 0,4^ 
agar, respectively), and a synthetic broth (S broth). The 
ingredients of S broth are shown in Table 1. The various 
media that were derived from S broth included S agar (S broth 
containing 1,5% Noble agar, Difco), enriched S agar (ES agar, 
S agar containing 0,05% (v/v) P and D broth), preadaptation 
broth (S broth containing 30 ug/ml of L-lsoleuclne, 80 ug/ml 
L-valine and 90 ug/ml of L-leuclne, and a derepression broth 
(S broth supplemented with 2 ug/ml of L-isoleuclne and 
L-vallne^) • 
All glassware used in conjuction with the synthetic 
media was cleaned in chromic acid followed, by thorough rinsing, 
and all media were prepared in deionlzed distilled water. 
Bacterial Strains 
Strain 655 of Staphvloooccus aureus served as the parent 
strain from which various auxotrophic mutants were derived. 
Strain 655 grew in the absence of exogenous L-isoleucine, L-
valine, and L-leuolne, was of human origin, and was susoeptable 
to lysis by phages 29, 52A, 79, 7, 83, ^ 7, 53, 5^, 73, and 77. 
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Table 1. Composition of synthetic broth 
Component Concentration (mg/liter deionlzed water) 
^HPOju 7,000 
KH2POÎ 2,000 





L-Glutamic acid 100 















Glucose was added aseptlcally following autoclave 
sterilization of the synthetic medium. 
An isoleucine dependent mutant (A-12). and isoleucine-
valine dependent mutants (A-8. B-10. and C-I6), deficient in 
enzymes 1 (deaminase), 3 (reductolsomerase), 4 (dehydrase), 
and 5 (transaminase) respectively of the isoleucine and iso­
leucine- valine pathways (Pig. 1), and the wild-type Salmon­
ella tvphimurium LT-2 were obtained from Dr. Prank B 
Armstrong, University of North Carolina. These strains have 
been described previously (Armstrong and Wagner, 1964). 
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All cultures were maintained on BHI agar slants in 
screw-capped tubes at 4 C. Working cultures were prepared by 
Inoculating BHI agar slants which were incubated at 37 C and 
then held at 4 C. Working stocks were replaced at one week 
intervals• 
Bac teriophages 
Bacteriophages 29, 52, 52A, 79 , 80 , 81, 6 , 7 , 83, 42B, 
47c, 47, 53, 54, 70, 73 , 75 , 77 and 44a were used to deter­
mine phage typing patterns. These phages and the methods 
employed for their maintenance and use have been described 
(Pattee and Baldwin, I96I), 
Bacteriophage 83, used for transduction, was propagated 
on the various strains of 8. aureus by a modification of the 
agar-layer technique of Swanstrom and Adams (1951)• The 
lysates of phage 83 employed as inocula, in all instances, had 
been prepared on S. aureus Ps 83 to avoid loss in transduction 
activity arising frcxn serial passage on S, aureus strain 655 
(Zara, 1964). A 12-hr BHI agar slant culture of the propa­
gating strain was suspended in 1 ml of P and D broth and 0.2 
ml of this suspension added to a tube containing 3 ml of melt­
ed, cooled (45 C) P and D soft agar. Each tube then received 
0.6-1.3 X 10^® plaque forming units (pfu) of phage 83 con­
tained in about 0.15 ml P and D soft agar. The contents of 
each tube were then mixed and poured uniformly over the sur­
face of a P and D agar plate. After solidification of the 
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soft agar layer, the plates were inoubated In the upright 
position at 37 C for about 6 hr. With the aid of a 10 ml 
pipette, each soft agar layer was thoroughly homogenized in 
8 ml of P and D broth and transferred to a centrifuge tube. 
The homogenate was then centrifuged for 10 min at 1200 X g 
in order to remove cells and agar particles, and the super­
natant fluid passed through an 02 Selas filter (Selas Corpor­
ation of America)• The filtrate was placed in a sterile 
screw-capped test tube and stored at 4 C. The bacteriological 
sterility of the lysate was verified by spreading 0.1 ml on 
the surface of a BHI agar plate, which was inoubated for 48 
hr at 37 C. 
The titer (pfu/ml) of each lysate was determined by 
using, as indicator, that strain of S. aureus on which the 
lysate had been propagated. Serial ten-fold dilutions of the 
lysate, 1:10 through 1:100,000,000, were prepared in P and D 
broth. A 12-hr BHI agar slant culture of the indicator strain 
was suspended in 5 ml of P and D broth. One-tenth ml of this 
suspension was added to each tube containing 3 ml of melted, 
cooled (45 C) P and D soft agar. Each tube of soft agar then 
received 0.1 ml of the appropriate phage dilution. The con­
tents of each tube were then mixed and poured uniformly over 
the surface of a P and D agar plate. After solidification of 
the soft agar layer, the plates were incubated in the upright 
position at 37 C for 8-10 hr. The plaques were then counted 
and the phage titer calculated. Lysates of phage 83 propagated 
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on S, aureus strain 655 usually had a titer of 3.5-4.0 X 10^® 
pfu/ml. 
Isolation of Mutants 
Isoleuoine-dependent (ile) and isoleucine-valine-depen­
dent (ilva) mutants were induced by exposure of strain 655 to 
diethyl sulfate (Preese, 1963). The cells from a 24-hr BHI 
agar slant culture of the parent strain were suspended in 5 ml 
of BHI broth; and transferred to a screw-capped tube con­
taining 0.1 ml of diethyl sulfate (DES). The tube was shaken 
in the horizontal position on a Burrell Wrist-Action shaker at 
a setting of 10 for 17 min at 25 c and then allowed to stand 
undisturbed at 4 C for 3 min to allow the DES to settle to the 
bottom of the tube. The cell suspension was then aseptically 
decanted into a centrifuge tube, care being exercised to ex­
clude the DES, and centrifuged for 10 min at 1200 X g. The 
cells were resuspended in 10 ml of BHI broth and shaken on the 
Burrell shaker at a setting of 7 for 2 hr at 37 C. The cell 
suspension was diluted 3 X 10""^ in saline, and 0.1 ml aliquots 
spread onto 1000 pre-dried plates of TSA. After incubation at 
37 C for 24 hr, an average of 150 colonies per plate was 
obtained. 
Using the replica plating technique (Lederberg and 
Lederberg, 1952) the colonies on each plate were inoculated 
onto a plate of S agar and a plate containing TSA. After 
incubation for 48 hr at 37 C, 300 isolates which grew on TSA 
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but failed to do so on S agar were Inoculated onto BHI agar 
slants, and Incubated at 37 0 for 12 hr. The surfaces of 
separate S agar plates were each spread with a 0.1 ml aliquot 
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of a saline suspension of eaoh isolate (approximately 10 
cells/ml). Several crystals of L-isoleucine and L-valine 
were then placed together on the surface of each plate with 
the aid of sterile toothpicks. These plates were Incubated 
for 24 hr at 37 0 and examined for evidence of growth re­
sponses to exogenous L-lsoleuclae and L-valine. These iso­
lates were similarly tested for their growth responses to 
L-isoleucine and L-valine separately. 
Leucine-dependent (leu) mutants were induced by exposure 
of strain 655 to diethyl sulfate. One-hundred and twenty 
colonies were isolated and tested for their leucine require­
ments in the same manner as described for the 11va mutants. 
Biochemical Studies 
Auxanosrraphv 
All auxotrophs used in this study were tested for their 
growth responses to exogenously supplied intermediates in the 
biosynthetic pathways of isoleucine, valine and leucine. The 
cells from a 12-hr BHI agar slant culture of eaoh mutant were 
suspended in 5 ml of 0.9^ saline. The surfaces of separate 
S agar plates, five for each mutant, were spread with a 0.1 ml 
O 
aliquot of each mutant suspension (approx. 10 cells/ml). The 
five plates for eaoh mutant then received the following addi-
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tives, placed in the center of the plates: plate #1 received 
alpha-ketobutyric acid and L-valine, plate #2 (consisting of 
S agar devoid of threonine) received L-threonine, plate #3 
received acetolactate and L-isoleucine, plate #4 received 
pyruvic acid and L-isoleucine, plate #5 received alpha-keto-
isovaleric acid and L-isoleucine. The plates that were inocu­
lated with leucine auxotrophs received a few crystals of alpha-
ketoisocaproic acid. All plates were then incubated for 24 hr 
at 37 C, and examined for evidence of growth responses in the 
areas of the additives, 
C hr oma t ogra-p hv 
Each ile and ilva mutant and the parent strains of Sm 
aureus and S, tvphimurium were analyzed chromatographically 
for the accumulation of intermediates of L-isoleucine and L-
valine biosynthesis in the growth medium. The ability of lie 
mutants to accumulate L-threonine was determined in the follow­
ing manner. The cells from a 12-hr BHI agar slant culture were 
suspended in 5 ml of 0.9# saline. One-tenth ml of each sus­
pension was then added to separate tubes containing 5 ml of 
preadaptation broth. These tubes were then shaken in a slanted 
position at 37 G in a Research Specialties Company horizontal 
shaking water bath. After 24 hr, a 0.2 ml aliquot of each 
suspension was transferred to tubes containing 5 ml of dere­
pression broth. Derepression cultures were shaken for 72 hr 
and stored at 4 C for two days. The cells were then removed 
from the cultures by centrifugation (3^00 X g for 10 min) and 
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the supernatant fluids were lyophllized. The desalting pro­
cedure of Ballga _et al, (195^) was modified and used. Each 
dried residue was resuspended in 0,3 ml of a solution of ethyl 
alcohol containing Q%5% HCl (v/v) and allowed to stand for 30 
mln with intermittent shaking. The suspensions were trans­
ferred to separate small tubes. E&ch lyophillzatlon vial was 
washed with 0.1 ml of the alcohol-HCl solution and the washing 
added to the same small tubes. The tubes were then centrl-
fuged (3^00 X g for 10 mln) to sediment the precipitated salts. 
Approximately 0.03 ml of each supernatant fluid was applied as 
a spot (2 mm dia.) to silica gel (Silica gel H, Brinkmann 
Instruments) thin layer plates for ascending chromatography. 
A 2 mg/ml solution of L-threonlne was used as a standard. 
Each thin-layer plate was developed in a solvent composed of 
acetone: urea: H2O (60:0.5:^0, v/w/v) for ^  hr (Block et al.. 
1956)0 The dried chromatograms were sprayed with Nessler's 
reagent followed by an "almost saturated aqueous solution" of 
sodium periodate (modified procedure of Block et al.. 1958). 
L-threonlne appeared a few seconds after spraying with sodium 
periodate as a bright yellow spot at an Bf of 0.78, that 
turned black in a few seconds and then faded completely. 
Cultures to be tested for their ability to accumulate 
alpha-keto acids were pre-adapted and derepressed in the same 
manner as for threonine accumulations. The supernatant fluids 
were not lyophllized or desalted since preliminary experimen­
tation had shown that both of these procedures were detrimental 
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toward the deteotlon of alpha-keto acids. Each supernatant 
fluid (0.5 ml) was spotted on Eaton and Dikeman paper number 
613 (Umbarger and Mueller, 1950). A 100 mg/ml solution of 
pyruvic acid was used as a standard. The chromatogram was 
developed for 6^ hr in a solvent that consisted of s-butanol: 
propionic acid (95î5i v/v) saturated with water (Umbarger ^  
al., 1950). The dried chromatograms were sprayed with 0.05^ 
0-phenylenediamine in 10^ aqueous CCl^COOH, and heated for 2 
min at 100 C. The alpha-keto acids appeared as yellow-green 
spots which were fluorescent under ultraviolet illumination 
(Block et al.. 19^6)« 
Syntrophism 
The ile and ilva mutants of S. aureus were tested for 
their ability to be cross-fed by the ile and ilva mutants of 
S. typhimurium. The mutants of S. typhimurium were grown 
under the same derepression conditions as the mutants of 
aureus. A culture of each mutant of S, aureus which had grown 
for 12-hr on a BHI agar slant was suspended in 5 ml of 0.9# 
saline. The surfaces of separate S agar plates were spread 
with each cell suspension. With the aid of capillary tubes, 
one drop of the derepressed supernatant fluid of each mutant 
of S. typhimurium was placed on the center surface of each 
plate. The plates were then incubated for five days at 37 C 
and examined each day for evidence of syntrophism. 
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Transduction 
The transduction procedure employed was a modification of 
the method used by Kloos and Pattee (1965b). An 18-hr BHI 
agar slant culture of each recipient strain was suspended in 
1.0 ml of P and D broth (5-7 X 10^^ cells/ml). A 0.5 ml 
aliquot of each suspension was transferred to a centrifuge 
tube containing 1.0 ml of P and D broth. A 0.5 ml portion of 
the transducing phage lysate (3.5-4#0 X 10^® pfu/ml) was added 
to this suspension. Controls were prepared in the same manner 
except that 0.5 ml of P and D broth was substituted for the 
phage lysate. The suspension was shaken at a setting of 10 on 
a Burrell Wrist-Action shaker at 37 C for 30 min. The trans­
duced suspension was then centrifuged for 10 min at 1200 X g 
and the cells resuspended in 1 ml of 0.9# saline. This sus­
pension was again centrifuged and the cells resuspended in 1 
ml of 0.9# saline. A 0.1 ml aliquot was transferred to 0.9 ml 
of OmS% saline to give a lO"^ dilution. A 0.1 ml aliquot of 
the 10" dilution was spread on duplicate ES agar plates. The 
plates'were incubated for 48 hr and prototrophic colonies 
(complete transductants) were scored. After 72 hr the presence 
or absence of minute colonies (abortive transductants) was 
noted. Donor-type recombinants were assayed by inoculated 0.1 
ml aliquots of a 1:30 dilution of the transduction suspension 
onto duplicate ES agar plates supplemented with 10 ug/ml of 
alpha-ketobutyric acid. The donor-type and complete trans­
ductants were scored after these plates had been incubated at 
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37 G for 48 hr. 
Isoleucine, and isoleuGine-vallne-depend.ent mutants have 
been designated aooording to the scheme of Umbarger and 
Mueller (1950). The requirement for both isoleucine and 
valine is indicated by the prefix ilva. and the requirement 
for isoleucine by ile. The genetically blocked step is indi­
cated by a capital letter, e.g., ilvaB. or ileA. The order 
of isolation of mutants is denoted by their numerical sequence, 
e.g., ilvaB-1. ileA-2. or leu-1. 
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RESULTS 
Growth Requirements of Strain 655 
An obvious prerequisite to this study was a oharaoteri-
zation of the growth response of strain 655 to exogenous 
supplies of L-isoleuoine, L-valine and L-leuoine. When 
inoculated onto S agar and S agar containing the normal con­
centrations of these three amino acids, equally luxuriant 
growth of strain 655 occurred on both media (Table 2), The 
organism grew heavily in 24 hr on S agar supplemented With 
L-leuoine and L-valine (no isoleucine), and S agar supple­
mented with L-valine (no isoleucine or leucine)» It was 48 
hr before heavy growth was obtained on S agar supplemented 
with L-isoleucine and L-valine (no leucine), and S agar that 
contained L-isoleucine (no valine or leucine). The organism 
did not grow in 72 hr on S agar supplemented with L-isoleu­
cine and L-leucine (no valine), or S agar that contained 
leucine (no isoleucine or valine). The growth-inhibitory 
effect of various quantities of isoleucine, valine and leucine 
on strain ($55 in the absence of the other two of these amino 
acids was determined in S broth, the results of which are 
shown in Table 3. On the basis of these studies, it was 
determined that L-leucine retarded growth maximally in the 
absence of L-valine, or L-valine and L-isoleucine. L-isoleu­
cine retarded growth to a mild extent in the absence of L-leu­
cine and L-valine. L-valine inhibited growth to a mild extent 
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Table 2, Growth of strain 655 on S agar containing L-lsoleu-
olne, L-vallne and L-leuclne 
























The presence of an amino acid Is designated by the 
symbol +, The absence of an amino acid Is designated by the 
symbol -. 
^Confluent growth In 24 hr Is designated by the symbol 
++++. Delayed but confluent growth In 48 hr is designated 
by the symbol ++• No growth after 72 hr Is designated by 
the symbol 0. 
In the absence of L-leuclne, or L-leuolne and L-lsoleuolne. 
It Is apparent from the results shown In Tables 2 and 3 that 
these effects placed certain limitations on auxanographic 
studies. These restrictions were further amplified by the 
limited number of available intermediates of the 11va pathway. 
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Table 3» Growth of strain 655 In S broth containing various 
concentrations of L-lsoleuclne, L-valine and 
L-leuclne 
Concentration of amino aold added to S broth O.D® 
24^r 
after 
; 48br X»-lBoleuclne L-valine L-leuclne 
30 WK/ml. 80 yg/fflX 90 WR/ml 1.50 1.80 
0 0 0 1.50 1.80 
5 0 0 0.00 0.95 
10 0 0 0.00 0.32 
15 0 0 0.00 0.12 
20 0 0 0.00 0.10 
25 0 0 0.00 0.02 
30 0 0 0.00 0.01 
0 20 0 1.50 1.80 
0 40 0 1.00 1.50 
0 60 0 0,80 1.00 
0 80 0 0.50 0.80 
0 0 20 0.00 0.09 
0 0 40 0.00 0.04 
0 0 So 0.00 0.00 
0 0 90 0.00 0.00 
^Optical density determined at 5^0 mu« 
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Selection of Mutants 
By means of the replica plating technique, a total of 235 
presumed auxotrophs were isolated and subjected to further 
testing. Ten of these mutants were discarded because their 
phage typing patterns did not resemble the pattern exhibited 
by strain 655. Of the remaining isolates, II6 were discarded 
because they failed to respond, on S agar, to exogenous L-iso-
leucine, L-valine or L-leucine, and 68 were found on further 
examination to grow well on S agar in the absence of L-isoleu-
cine, L-valine and L-leucine. Three mutants that exhibited 
prohibitively high reversion rates were also discarded. The 
remaining ^ 5 mutants consisted of three lie. 25 11va. and 17 
leu mutants. These results are presented in detail in Table 4. 
. Biochemical Studies 
Auxanographv 
By means of auxanography (Table 4), the lie and il va 
mutants of Staphylococcus aureus were differentiated into 
three groups. Group I consisted of 3 mutants (ileA-4. lleA-12 
and lleA-15) that responded well to exogenous alpha-keto-
butyric acid and L-isoleucine, but not to L-vallne or L-threo-
nine, and subsequently were characterized as lacking L-threo­
nine deaminase. Three other mutants (11va-7. 11 va-20 and 
ilvaB-21) responded slightly to alpha-ketobutyrlc acid, but 
not to L-lsoleucine (in the absence of L-valine), and sub­
sequently were found to be blocked at a later point in the 
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Table 4, Growth responses of lie. 11va and leu mutants of 
S. aureus to exogenous L-lsoleucine, L-vallne, 
L-leuolne, and Intermediates of the Isoleuolne-
vallne-leuolne blosynthetlo pathways 
Growth responses^ to exogenous 
lie 
lie 











llvaD-1 - 4+ _ - _ _ 4f 
llvaC-2 
-
4"i' — — — ™ — — 
- - — -
llvaC-3 - 4+ - - - -
lleA-4 4+ 4l' mm mm wm 4+ 
— — 
mm — 
llvaC-5 - 4+ _ _ _ _ 
llvaB-6 - 44* — — —• — 
- -
4+ — — 




41 — — —• — 
— — - -
llvaC-9 
-
4+ - - - -
— — - -
llvaC-lO 
-
4+ - - - -
llvaC-ll - 4+ — — — — 
- - — — 
- -
lleA-12 4+ 41 " — — — 4+ 
— •" - -
llvaCLll 
- 4+ - - - - 4f 
llvaC-l4 — 4+ - - - - _ — M mm mm mm 
Heavy growth In the area of the additive Is denoted by 
the symbol 4+, moderate growth by the symbol 3+, slight growth 
by the symbol 2+, faint growth by the symbol 1+ and no growth 
by the symbol 
^Amlno add and Intermediate symbols are: L-lsoleuclne 
(lie), L-vallne (val), L-leuolne (leu), L-threonlne (thr), 
pyruvate (p), alpha-ketobutyric acid (AKB), alpha-acetolaotate 
(AAL), alpha-ketolsovalerlo aold. (AKV). 
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Table 4, (continued) 
Growth responses^ to exogenous:^ 
Mutant lie p AAL AKV 
lie + val leu thr p + AKB AAL + AKV + 
val lie lie lie 
^ileAjijjL^ 4+" 4+ — — — — — 4+ — — — — 
^IvaC^i^^l^ * I # 
I^VaB l^^  — mm  ^ mm mm  ^ m» 41' m w «• 
^^LvaC^OL^^ ^ 4"i' *" *" w* ^ ## » « " 
ilvaC-19 - 3+ ----- _ 
— l4" — — — — — l4* — — — —' 
^IvaB^^^^L * — — — — — — — 4^" — — 
^^2 — 3^ — — — — — — — — — — 
^J^vaG^_2^ — ^41 — — — — — — — — — — 
^ I v a C — —  3 ^  —  —  —  —  —  l i "  —  —  —  —  
llvaDu29 - 4+ ----- - - - - 4+ 
^llvaC^j^2^ — ^4" — — — — — — — — — — 
^l2aC^2^ — 2+ — — — — — — — — — — 
2^ — — — — — — — — 41" — — 
llvaDu29 - 4+ ----- - - - - 4+ 
ilvaD-30 - 3+ ----- - - - - 4f 
leu-1 - - - 4f - - - -
leu-2 - _ 4f - _ - -
l e u - 4  .  . - - . 4 + - - - -
leu-5 - _ _ 4f - - _ -
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Table 4. (continued) 


















leu-6 - — — 4+ - - — — - - - -
l9%-7 - — — 4+ - - - - - - - -
leu-8 - - - 4+ - - — « - - -
leu-9 4f _ 
leu-10 - — — 2+ - - — — -
-
- -
leu-11 - — — 3+ - - — — - -
- -
leu-12 








leu-17 - — — 3<- - - — — - - - -
11va pathway. Pour mutants responded to aoetolaotate and 
L-valine, but not to pyruvic acid. These were placed in group 
II and designated llvaB-6. llvaB-17. llvaB-21 and llvaB-28. 
Sixteen mutants responded to alpha-ketoisovalerlc acid and 
L-valine, but not to acetolactate. They were placed in group 
III. All of the leucine auxotrophs responded to alpha-keto-
Isocaproic acid and L-leuolne* 
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Chromatography 
The three mutants of group I, lleA-4. lleA-12. lleA-15. 
and mutant A-12 of Salmonella typhlmurlum accumulated threo­
nine* Threonine appeared on the chromatogram one minute after 
the second spray was applied. In each case it appeared as a 
bright yellow spot at an Ef of 0.79, that turned black in a 
few seconds and faded away completely in approximately ten 
minutes. An identical response was observed with the threo­
nine standard. The three mutants which responded weakly to 
alpha-ketobutyric acid ( ilva-7. ilva-2o. and ilva-21) did not 
accumulate threonine. The four mutants of group II, (llvaB-6. 
ilvaB-17. llvaB-21. and llvaB-28) accumulated pyruvic acid. 
Pyruvic acid appeared as yellow-green spots, at an Bf of 0.l6, 
which were fluorescent under ultraviolet illumination. The 
color and Ef values compared favorably with the standard. 
Strains 655 of S. aureus and LT-2 of S. typhlmurlum did not 
accumulate threonine or pyruvic acid. 
By using the combination of optimum conditions already 
discussed, accumulations of threonine were obtained at 
estimated levels of 2 ug to 10 ug/ml, and pyruvic acid at 
levels of 1 mg to 10 mg/ml. This estimation is only approxi­
mate and is based on the intensity of color, or fluorescence 
and the area of spots on chromatograms as compared to known 
amounts of standards. 
Syntrophism 
Attempts to demonstrate syntrophism among lie and 11va 
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mutants of S, aureus were unsuccessful. Therefore, to obtain 
further Information concerning the precise enzymatic defi­
ciencies of these mutants, they were tested for their ability 
to utilize materials in derepressed cultures of previously-
characterized lie and 11va mutants of S. tvphlmurlum. The 
results of these experiments (Table 5) permitted the mutants 
of aureus to be classified Into 4 groups# A zone of growth 
around the area In which a sample of the derepressed culture 
of the mutant of S. typhlmurlum was spotted Indicated cross-
feeding. Pig. 2 shows the results of typical syntrophlsm 
plates. With the completion of the foregoing studies. It was 
apparent that none of the mutants of S, aureus were deficient 
In the last enzyme of the Isoleuclne-valine pathway. This 
conclusion is based upon the ability of all of the 11va mutants 
of S. aureus to utilize exogenous alpha-ketolsovalerlc acid, 
and the stimulation of all llva mutants by mutant C-16 of 
S. typhlmurlum. Therefore, a total of 400 new auxotrophic 
mutants of strain 655 were Isolated. Although 13 of these 
mutants proved to require exogenous I.-Isoleuclne and L-valine, 
all were also able to utilize alpha-ketolsovalerlc acid. No 
further attempts were made to Isolate mutants of S. aureus 
devoid of transaminase activity. 
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Table 5» Growth responses, on S agar, of ile and ilva mutants of S. aiireus 
to accumulations in derepressed cultures of ile and ilva mutants 




Source of accumulations and enzyme affected in mutants of 
S, typhimurium 
A-12 A-g B-10 C-16 LT-2 
















Pig. 2, Typical syntrophism plates 
Plates A and B exhibit a pronounced zone 
of growth of the mutant of S. aureus to 
the sample of the mutant of tvphlmurlum* 
Plates C and D are representative of plates 
on which no stimulation occurred despite 
the extensive growth of S. tvphimurium on 




Phages 77 and 83 showed lytic activity towards strain 655, 
and were examined for their ability to transduce isoleucine, 
and isoleucine-valine independence to representative ile and 
ilva mutants. Strain 655 was used for the propagation of 
these phages. Titers of 3*5-4.0 X 10^® pfu/ml were obtained 
by a single passage of phage 83 on strain 655» On the other 
hand, phage 77 required two consecutive transfers on strain 
655 to produce a lysate with an equally high titer. Phage 83 
exhibited a 10-fold higher transduction activity than phage 
77# The abbreviation 83/655 used to designate the transducing 
phage first describes the phage (e.» £.•» 83/) and secondly 
describes the propagating strain (e. , /655). 
By using phage 83/655 (phage 83 prepared on strain 655), 
à variety of conditions were investigated to determine the 
optimum conditions for the recovery of the maximum number of 
transductants, The results of a study to determine the effect 
of the nature and concentration of various enrichments on the 
recovery of prototrophic colonies from transduction suspensions 
are shown in Table 6, The nature of the enrichment added to 
S agar had a marked effect on the frequency of transduction. 
Enrichment of S agar with a small quantity (0.05#, v/v) of 
P and D broth enhanced the recovery of transductants. When S 
agar was supplemented with quantities of P and D broth in 
excess of .05^, the "background" growth of the recipient popu­
lation as a whole was stimulated excessively and interferred 
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Table 6. The effect of the nature and concentration of 
enrichment added to S agar on the frequency of 
transduction of ile and ilva mutants of S. 
aurevs by phage 83/655 
Frequency of transduction of recipientf 
Enrichment and % (v/v) ; 
added to S agar ileA-4 ilvaB-6 ilvaG-3 ilvaD-9 
None 211 137 143 281 
P and D 1.00# 1 0 0 3 
broth 0.25 401 295 275 430 
0.05 1046 845 853 1336 
0.01 340 271 269 360 
Yeast 1.00 0 0 0 0 
extract 0.25 26 10 8 29 
0.05 540 356 351 635 
0.01 118 98 98 128 
TSB 1.00 0 0 0 0 
0.25 0 0 0 0 
0.05 3 1 1 2 
0.01 15 8 8 18 
BHI 1.00 1 0 0 2 
0.25 21 7 5 21 
0.05 110 76 69 115 
0.01 81 55 59 85 
^Number of prototrophic colonies recovered in a 0.1 ml 
aliquot of a 10"! dilution of the transduced suspension. 
with the recovery of transduotants. The addition of either 
yeast extract {3%), TSB, or BHI broth to S agar resulted in a 
heavy film of growth and inferior expression of prototrophic 
transduotants. The addition of I^isoleucine, L-valine, and 
L-leucine to the transduction mixture at the time of phage 
addition did not increase the number of transduotants. 
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The length of time that transduction suspensions were 
shaken was shown to have little effect on the transduction 
frequency if this time was kept between 15 and 60 min 
(Table ?)• TS^nsduction frequencies began to decrease when 
shaking periods of longer than 60 min were employed. The de­
crease in the transduction frequencies if shaking was extented 
beyond 60 min may have been due to lysis of recipient cells by 
phage 83. 
The effect of varying the multiplicity of infection (moi) 
used in the transduction suspension on the frequency of trans­
duction was examined (Table 8)• The maximum frequency of 
transduction was obtained at multiplicities of 1,5 and 2,0. 
The transduction frequency decreased when multiplicities 
greater than 2,0 were employed. 
Washing of the transduced cell suspension with physio­
logical saline after shaking was one of the most time consuming 
steps. However, It was found that one washing was necessary 
in order to prevent carry-over of enrichment when the trans­
duced cells were plated. This carry-over of nutrients resulted 
in heavy background films and the recovery of fewer trans-
duo tants. 
By using a combination of the optimum conditions dis­
cussed. above, all ile. ilva and leu mutants were transduced 
with phage 83/655 to determine (1) the transduction frequency 
(recipient competence) and (2) the ability of each mutant to 
produce abortive transductants, The reversion frequency of 
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Table ?• The effect of the time of shaking of the traas-
duotioa suspension on the frequency of transduction 
of ile and ilva mutants of S. aureus by phage 83/655 
Shaking time Frequency of transduction of recipient:* 
(min) ileA-4 ilvaB-6 ilvaC-3 llvaD-9 
Control^ 0 3 0 1 
0 110 93 82 230 
5 703 435 396 982 
15 1021 851 837 1310 
30 1042 857 84o 1341 
60 1038 846 841 1299 
75 796 623 587 884 
90 233 200 363 487 
^Number of prototrophic colonies recovered in a 0.1 ml 
aliquot of a 10"^ dilution of the transduced suspension. 
^Uninfected cell suspensions shaken for 90 min. 
each mutant was also determined at this time. These results 
are shown in Table 9. 
To determine the degree of linkage among the ile and ilva 
mutants and the sequence of mutant sites, the "best-fit" 
method (Hartman e^al., i960) was employed. Mutants from each 
group were ohosen for analysis which had exhibited strong 
reactions in auxanographic and syntrophism studies, and those 
that had exhibited high, intermediate,and low transduction 
frequencies with phage 83/655» They were also chosen for 
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Table 8. The effect of the multiplicity of infection on the 
frequency of transduction of ile and ilva mutants 




Frequency of transduction of recipient:® 
lleÂ-4 llvaB-6 ilvaC-3 ilvaD-9 
Control 0 3 0 1 
0.5 198 137 121 217 
1.0 584 4o3 397 846 
1.5 1021 829 819 1271 
2,0 1040 850 849 1346 
2.5 973 696 672 1191 
3.0 713 427 384 978 
^Number of prototrophic colonies recovered in a 0.1 ml 
aliquot of a 10"! dilution of the transduction suspension. 
their relatively low reversion frequencies and minimum leaki-
ness (background growth on ES agar). The results of the 
"best-fit" analysis are shown in Table 10. The deduced order 
of mutant sites is as follows: lleA-12. lleA-15. ileA-4. 
ilvaB-6. ilvaB.17. ilvaB-28. ilvaC-10. ilvaC-l4. ilvaC-3. 
ilvaC-2. ilvaD.29. ilvaD^13. ilvaD-9. ilvaD-18. ilvaD-29. The 
plates scored during the "best-fit" experiment were also used 
to determine the capacity of mutants of each class (i.e., 
mutants of a single gene) to complement mutants of each other 
class based on the presence of abortive transductants (minute 
colonies). Mutants of each class complemented each other 
4? 
Table 9# The frequency of transduction of lie. 11va and leu 








llvaD-1 1037 0 + 
llvaO-2 861 2 + 
llvaC-3 853 0 + 
lleA-4 1046 0 + 
llvaC-ï 913 0 + 
llvaB-6 854 3 + 
11 va-7 TMTC TMTC -
llvaD-9 1336 1 + 
llvaC-10 169 1 + 
llvaC-11 279 16 + 
lleA-12 997 33 + 
llvaD-13 1129 5 + 
llvaC-l4 827 2 + 
^ÇA-I? 1005 3 + 
llvaC-l6 475 59 + 
llvaB-17 909 2 + 
llvaD-18 1777 0 + 
^Number of prototrophic colonies recovered In a 0.1 ml 
aliquot of a 10"^ dilution of the transduced suspension. 
^Number of prototrophic colonies recovered In a 0.1 ml 
aliquot of a 10"^ dilution of the control suspension. 
°The presence of minute colonies is indicated by the 
symbol +. 
48 
Table 9. (oontinued) 
Prequeaoy of Frequency of Abortive 
transduction® reversion transduotants 
ilvaC-19 232 8 + 
11va-20 TMTC TMTC -
llvaB-21 860 9 + 
ilvaC-22 248 47 + 
llvaC-23 208 4 + 
llvaG-24 340 41 + 
llvaDu2S 998 35 + 
ilvaC-26 570 4 + 
ilvaC-27 28 6 + 
ilvaB-28 996 3 + 
ilvaD-29 89 1 + 
llvaD-30 782 1 + 
lew-l 98 4 + 
l^u-2 72 1 + 
88 5 + 
leu-4 TMTC TMTC 
-
lçq-5 TMTC TMTC -
leu-6 83 1 + 
i9q-7 41 8 + 
leu-8 12? 50 + 
leu-9 32 1 + 
lçu-10 TMTC TMTC M 
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Table 9* (oontlnued) 





leu-11 88 10 + 
leu—12 X31 7 + 
i$n-i3 256 2 + 
leu-14 410 6 + 
lew-iS 224 3 + 
leu-16 206 4 + 
leu-17 112 2 + 
olass. There was no intragenic complementation. 
A ratio test (Hartman Qt al.. I96O) was performed on two 
representative 11va mutants from each class. All mutants 
capable of utilizing exogenous alpha-ketobutyrio acid were 
used as donors. The results of this analysis are shown in 
Table 11. 
Due to the relatively low concentration of alpha-keto­
butyrio acid utilized in ES agar during these experiments, the 
donor-type transductants were clearly differentlable from 
complete transductants on the basis of colonial morphology. 
Representative donor-type transductants, chosen on the basis 
of their small size from each transductant population, were 
examined to establish that tbete were indeed genetically 
identical to the donor strain used in that cross. In every 
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Table 10, Transduction analysis of linkage relationships among ile and ilva mutants of 
Number of prototro 
Recipient 
Control 655 ileA.~12 ileA-15 ileA-4 ilvaB-6 ilvaB-l? ilvaB-28 ilvaC-10 
ileA-12 33 1007 0 1 0 530 551 552 95 
ileA-15 3 1005 1 0 1 500 531 551 88 
ileA—it 0 1046 1 2 0 499 512 547 80 
ilvaB-6 3 854 591 580 575 3 0 2 71 
ilvaB-17 2 909 601 600 595 1 0 0 55 
ilvaB-28 3 996 608 602 598 0 1 0 36 
ilvaC-10 1 208 88 86 79 75 44 36 0 
ilvaC-14 2 827 736 648 590 281 240 237 1 
ilvaC-3 0 853 765 652 599 285 245 238 2 
ilvaC-2 2 861 769 697 694 407 386 -^72 2 
ilvaD-25 35 998 790 783 781 508 473 455 93 
ilvaD-13 5 1129 806 792 785 603 591 584 113 
ilvaD-9 1 1336 1261 1008 1004 813 811 707 114 
ilvaD-18 0 1777 1300 1009 1006 973 912 807 117 
ilvaD-29 1 89 59 55 49 28 22 20 19 
dumber of prototrophic colonies recovered in a 0,1 ml aliquot of a 10"^ dilution of 
been corrected for the reversion frequencies shown in the "control" column. 
bants of Staphylococcus aureus 
prototrophic colonies recovered^ 
Donor 
•lvaC-10 ilvaC-14 ilvàC-3 ilvaC-2 ilvaDT-25 ilVaP-lS ilvaD-9 ilvaP-l^ ilvaD-29 
95 618 620 627 847 872 991 1000 55 
88 582 5^3 592 831 868 987 996 51 
80 580 581 586 809 812 975 978 50 
71 370 372 415 546 609 791 795 30 
55 360 368 388 509 595 781 784 17 
36 309 366 380 487 585 751 780 16 
0 2 4 3 111 117 151 162 15 
1 0 3 1 151 181 495 496 15 
2 3 0 0 150 162 457 493 13 
2 1 0 0 114 134 454 473 11 
93 151 146 71 0 4 5 3 • 5 
113 78 68 56 1 0 4 4 1 
114 574 544 540 5 4 0 3 2 
117 716 707 695 3 2 1 0 1 
19 17 1% 15 1 1 0 0 0 
.ution of the transduced suspension. The numbers of prototrophic colonies have 
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Table 11. The ratio of Independent to total transduotants 
using lleA-12. lleA-15 and lleA-4 as donors in 



















138 .597 154 .594 158 
ilvaC-3 .823 704 .814 724 .809 736 
llvaC-2 .829 646 .821 668 .819 676 
llvaD-9 .835 1142 .831 1154 .827 1170 
ilvaD-18 .858 818 .853 830 .84? 842 
®The symbol £ (probability of independent intergratlon) 
is oal&ulated as the numbers of wild-type transduotants 
divided by the numbers of wild-type + donor-type transduotants. 
^The numbers (No.) columns indicate the total number of 
transduotants scored to determine the value of £ in each 
experiment. 
case these Isolates did not form prototrophic recombinants 
when infected with phage 83 prepared on the appropriate donor 
from which these transduotants arose, although they did do so 
when infected with phage 83/655. Also the donor-type trans­
duotants were all capable of utilizing exogenous alpha-keto-
butyric aold and required only L-lsoleuoine to grow on S agar. 
The sequence of mutant sites determined by this method was 
identical to that determined by the "best-fit" method. 
Furthermore, the ability of a single donor fragment to 
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incorporate the two most distal genetlo regions {IleA and 
llvaP) was clearly established; thus, the sites occupied by 
all lie and 11va mutants occur In a single linkage group. 
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DISCUSSION 
Twenty-eight ile and ilva mutants were used in the •bio­
chemical and genetic analyses.' These mutants represent all of 
the structural genes controlling isoleucine and valine biosyn-
theses, except for the last reaction. The failure to isolate 
mutants affecting the terminal enzyme of the isoleucine-valine 
pathway maybe attributed to several possible causes. The 
incidence of mutants affecting various enzymes of biosynthesis 
is known to vary considerably. Among 85 histidine-dependent 
mutants of strain 655 of Staphvlococcus aureus. Kloos and 
Pattee (1965a, 1965b) found only two mutants for each of two 
genes, while 36 were isolated, affecting another gene. Similar 
observations are extremely common in the literature. The 
existence of other transaminases also must be considered. 
Adelberg (1955) extracted a transaminase from wild-type 
Escherichia coli and certain ile mutants which transaminated 
alpha-ketoisovalerio acid alone. This transaminase permitted 
a limited amount of valine synthesis to accur. 
An analysis of the accumulation of intermediates of iso­
leucine and valine biosynthesis by the lie and ilva mutants, 
the auxanographic studies, and intergeneric syntrophism pro­
vided information which permitted the construction of the 
pathway used by S. aureus for the biosynthesis of isoleucine 
and valine (Pig. 3)» The conditions used, in the biochemical 
analyses of histidine-dependent mutants of S. aureus (Kloos 
Pig, 3» A genetlo map of the Isoleuolne and 
valine genetlo region of Staphvlooooous 
aureus and a proposed pathway utilized 
by aureus for the biosynthesis of 
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and Pattee, 1965a), and the biochemical analyses of ile and 
ilva mutants of Salmonella tvphimurium (Armstrong and Wagner, 
196^), were modified for the study of the ile and ilva mutants 
of S^. aureus. 
Studies of the growth requirements of the parent strain 
S. aureus revealed a growth-inhibitory effect exerted by 
L-isoleucine, L-valine and L-leucine when any one of these 
amino acids was incoorporated into S broth. The inhibition of 
growth increased with increasing concentrations of the amino 
acid added to the medium. When strain 655 was examined to 
determine which amino acids were essential for growth, by 
single amino acid omissions from S agar, valine was thought 
to be essential. However, since good growth was obtained in 
the absence of L-isoleucine, L-valine and L-leucine, it was 
clear that this organism did not require exogenous supplies of 
these amino acids. The repression of enzyme synthesis poses 
a serious problem in the study of metabolic pathways where a 
number of end products are derived from a common precursor. 
In such situations, over-production of one of the end products 
could conceivably lead to the curtailment of synthesis of a 
common intermediate, thus blocking the synthesis of other 
essential end products. Evidence has been presented that 
L-valine, L-isoleucine, and L-leucine are required for the 
repression of the enzymes leading to isoleucine and valine 
biosynthesis. This phenomen, termed multi-valent repression 
(Preundlich et al.. 1962), is undoubtedly a major factor 
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respoDBible for the sensitivity of S. aureus to changes in the 
relative concentrations of L-lsoleucine, L-valine, and L-
leuclne. 
An array of conditions and techniques were employed in 
attempts to demonstrate syntrophism between mutants of S. 
aureus. but all attempts failed. This result is in contrast 
to the results reported by Ritz (I96I) who demonstrated a 
weak syntrophism among tryptophan-dependent mutants of S, 
aureus. Intergenerlc syntrophism between previously charac­
terized mutants of S. tvphimurium (Armstrong and Wagner, 1964) 
and the lie. 11va mutants of S, aureus aided immensely in the 
oharacterization of the Isoleucine-vallne pathway in S_. aureus. 
Pearce and Loutlt (1965), using syntrophism, differentiated 
11va mutants of Pseudomonas aeruginosa into four functional 
groups, each of which affected a single structural gene con­
trolling the biosynthesis of Isoleuclne and valine in this 
microorganism. Mutants grouped together on a functional basis 
were found to constitute genetic groups, as determined by 
transduction analysis. All genes were found to be linked 
genetically. 
While threonine and pyruvic acid were demonstrated by 
chromatography attempts to detect accumulation of alpha-keto-
butyrlc acid and alpha-ketoisovalerio acid were unsuccessful. 
Unfortunately, the intermediates would not endure the heating 
process required to detect alpha-keto acids, Acetolactate 
could not be detected in culture fluids, presumably because of 
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the spontaneous conversion of aoetolactlc acid to aoetyl-
methyloarblnol (Umbarger and Magasanlk, 1950), Umbarger and 
Magasanlk (1950) reported a technique for detecting the 
accumulation of acetylmethylcarblnol by mutants of E. coll by 
means of the Voges-Proskauer reaction. This procedure could 
not be used for detecting acetylmethylcarblnol In cultures of 
aureus because the parent strain excretes it in the growth 
medium,as an end product of carbohydrate metabolism. 
By means of transduction using phage 83, a genetic map 
was constructed which showed the arrangement of structural 
genes controlling the biosynthesis of isoleucine and valine in 
S, aureus (Pig. 3)» Prior to the genetic analysis, several 
conditions which influenced the frequency of transduction were 
examlhed. Reproducible and maximum transduction frequencies 
had to be maintained in all of these genetic studies in order 
to obtain a good resolution of map structure. As a result of 
these studies, the nature and concentration of enrichment 
used to formulate an enriched S agar was shown to be the most 
important single factor affecting transduction frequencies. 
When transduction suspensions were inoculated onto the ES agar 
(S agar + 3^ P and D broth) employed by Kloos and Pattee 
(1965b), only a limited number of recombinants and a heavy 
film of background growth occurred. While S agar also per­
mitted the recovery of a limited number of transductants, the 
addition of 0.05^ P and D broth resulted in a dramatic 
increase in the observed frequency of transduction. The 
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spécifie reason why the enrichment of S agar enhances trans­
duction frequencies is unclear, although this is a common 
practice in the study of various species of bacteria. 
The multiplicity of infection was shown to be an impor­
tant factor affecting transduction frequencies. Using phage 
83, Kloos and Pattee (1965b) determined that maximum trans­
duction frequencies were obtained when a multiplicity of 
infection between 2,0 and 3«5 was used. In the present study, 
a multiplicity of infection of 2,0 proved to be optimum. Two 
considerations render a precise quantitative study of this 
variable difficult. The multiplicities reported by Kloos and 
Pattee (1965b) and in the present study are based on the 
numbers of phage per colony-forming unit in.the transduction 
suspension, and not the numbers of phage infecting each cell. 
Also, the incidence of defective phage particles in trans­
ducing phage lysgtes is unknown. This latter point is 
important, for the transducing phage particles are thought to 
be defective, and thus represent an unknown portion of the 
defective phages. In any case,the defective nature of the 
transducing phage partlole accounts for the decrease in trans­
duction frequencies at high multiplicities of infection. The 
infection of a cell with a transducing phage and a non-
defective phage would result in the loss of that potential 
transductant due to the lytic activity of the non-defective 
phage. The ES agar employed in these transduction studies 
does not support any visible lysis of recipient cells by phage 
6o 
83; therefore, the extent that the transduction frequency is 
effected by lysis could not be determined. 
In a study of the histidine operon of S. aureus. Kloos -
and Pattee (1965b) found that the frequency of transduction of 
various histidine-dependent mutants was directly related to 
the location of their chromosome sites relative to one end of 
the linkage map. These results, and the lack of equality in 
crosses between different mutants were interpreted to mean 
that the histidine region occurred near one end of the donor 
fragments, and that these fragments were relatively uniform 
(Ozeki, 1959)* The results of the present study are not con­
sistent with a similar interpretation with regard to the iso-
leucine-valine genetic region. 
The results of the "best-fit" and ratio tests placed the 
ile and ilva mutants in an Identical genetic sequeaoe and 
revealed four genes in a single linkage group. The results of 
the "best-fit* test placed ile and ilva mutants of S, aureus 
in an order pertinent to the order of gene loci; however, this 
test did not consistently establish a sequence of mutant sites 
within any one structural gene. The ratio test, which is 
internally controlled, permitted the distance of all mutant 
sites to be determined relative to the 11eA mutants. As the 
order of the ile and ilva genes was established by the results 
of the "best-fit" test, and as all ileA mutants were used as 
donors in the ratio test, a sequence of all mutant sites was 
thus established. 
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The true nature of the donor-type colonies was supported 
by two different observations. (1) The donor-type colonies, 
when examined further, were able to grow on ES agar supple­
mented with alpha-ketobutyrio acid but not on ES agar, (2) 
When donor-type colonies were infected with phage prepared on 
the mutant used as the donor from which they arose, no proto­
trophic transductants were obtained. Crosses with the parent 
strain produced the normal incidence of prototrophic colonies. 
There was no complementation of mutants within the same 
locus as determined by the absence of abortive transductants 
in crosses between mutants affecting the same structural gene. 
The presence of abortive transductants in crosses between 
mutants is evidence that these mutant sites are located in 
different functional units, each of which corresponds to a ' 
portion of DNA that codes for an entire enzyme or a poly­
peptide of a complex enzyme. An abortive transductant may 
result if the donor fragment is not integrated into the reci­
pient chromosome, but persists as a non-replicating exohromo-
somal fragment which is transmitted to one daughter cell at 
each generation. The donor fragment and the recipient chromo­
some must produce, together, all of the enzymes required for 
the biosynthesis of tsoleucine and valine. Therefore, if the 
mutant sites of the donor and recipient both existed in the 
same structural gene, then together they would be unable to 
produce the enzyme coded for by that gene. 
The results of these studies indicate that the sequence 
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of genes controlling isoleuoine and valine biosynthesis is 
identical to the sequence of these same genes in S. typhi-
murium (Armstrong and Wagner, 1964). Furthermore, the 
sequence of these genes in S. aureus is identical to the order 
in which these enzymes participate in the biosynthetic path­
ways of isoleuoine and valine. 
The failure to demonstrate syntrophism between mutants of 
S. aureus may have been due to the relatively impermeable 
nature of this organism. The impermeable nature of a mutant 
of 5. aureus could permit a "leaking out" of very limited 
quantities of the intermediates. These small quantities may 
not have gotten into the recipient mutant of S. aureus because 
of the permeability barrier. However, under derepression 
conditions intermediates excreted by mutants of S. aureus were 




Prom strain 655 of StaTahvlooooous aureus. 28 lie and 
11vay and 1? leu mutants were obtained by means of diethyl 
sulfate mutagenesis and the replloa plating technique. The 
lie and 11va mutants were used to determine the pathways 
utilized by S. aureus for the biosynthesis of isoleuclne and 
valine, and to determine the arrangement of the structural 
genes controlling these pathways in S. aureus. 
The pathways of isoleuclne and valine biosynthesis were 
determined by chromatographic analysis of supernatant fluids 
In derepressed cultures, auxanography, and Intergenerlc syn-
trophlsm. Threonine was accumulated by 11eA mutants, and llvaB 
mutants accumulated pyruvic acid. Attempts to demonstrate the 
accumulations of other Intermediates were not successful. The 
results of the auxanographlc studies differentiated the lie 
and 11va mutants Into 3 groups, based on their growth 
responses to exogenous Intermediates and end products of the 
Isoleuclne and valine pathways. Intergenerlc syntrophlsm 
between the lie and 11va mutants of S. aureus and previously 
characterized mutants of Salmonella tvphlmurlum confirmed the 
first two groups and separated all mutants of the third group 
Into one or the other of two additional groups (llvaC and 
llvaD). 
On the basis of these studies, the pathways utilized by 
S. aureus for the biosynthesis of Isoleuclne and valine were 
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demonstrated to be similar, if not identical, to those used by 
S, typhimurium. 
All of the leucine auxotrophs used alpha-ketoisooaproic 
acid, and therefore, they possessed genetic blocks between 
alpha-ketoisovaleric acid and alpha-ketoisooaproic acid. 
The structural genes controlling isoleucine and valine 
biosynthesis in S. aureus were arranged in a sequence on the 
chromosome by means of the "best-fit" method. This method is 
based on the relative numbers of prototrophic transductants 
obtained in reciprocal transductions among mutants of each 
gene. 
The ratio test, which determines the ratio of proto­
trophic transductants (independent integration) to donor-type 
transductants (joint integration) plus prototrophic trans­
ductants established the sequence of mutant sites and thus the 
sequence of gene loci. The order of structural genes con­
trolling isoleucine and valine biosynthesis'in S. aureus was 
Identical to the isoleucine-valine operon of S. typhimurium. 
Intergenio, but not intragenic complementation was observed 
between mutants of each genetic locus, as determined by the 
occurrence of abortive transductants. 
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